shRNA expression, thus patients might require only a single treatment. However, like most therapeutics, the approach is not without risk. For one, there is the possibility that the AAVs delivered by intraparenchymal infusion may not be widely taken up. Thus, multiple AAV infusions might be necessary for effective therapeutic benefit. The integration of AAVs into the genome is thought to be very rare [12] . Oligonucleotide-based approaches are particularly attractive for monogenic diseases that are characterized by a gain-of-function mutation such as for the spinocerebellar ataxias and Huntington's disease, as are siRNAs and microRNAs (miRNAs) that function by RNAi. Oligonucleotide-based approaches are also well suited for some loss-of-function diseases such as spinal muscular atrophy where the oligonucleotide-based therapeutic nursinersen restores gene expression by altering splicing.
Most of our understanding of gene expression mechanisms involving RNAi, miRNAs, long noncoding RNAs (lncRNAs) and ASOs was developed within the past two decades. Small double-stranded RNAs able to regulate gene expression were discovered in 1998, with the finding of RNA interference by Andrew Fire and Craig Mello [13] who were awarded a Nobel Prize for the discovery eight years later. Only five years earlier in 1993, the first discovery of naturally occurring microRNAs was made [14] . Long non-coding RNAs have a more drawnout history with hints of their presence appearing in the 1970s, but it was almost 40 years later that it was understood that lncRNAs could up-or down-regulate other genes in numerous ways involving protein interactions [15] . Understanding on how antisense oligonucleotides could be used as tools for manipulating gene expression developed in the early to mid '90s. During this time, Stanly Crooke, now the founder of Ionis Pharmaceuticals, had begun publishing his research describing the mechanism. While in the early 90's it was first revealed that nucleotides with a phosphorothioated backbone were resistant to RNase H1 cleavage [16] , Crooke's team demonstrated that RNase H1 was recruited to RNA-DNA duplexes, and that RNAs adjacent to phosphorothioated DNA oligonucleotides in these duplexes were cleaved by the nuclease [17] . Crooke and colleagues also predicted the clinical utility of ASOs [17] .
Enormous effort continues to be made developing oligonucleotide therapeutics because of their potential for treating human disease. The benefit of ASOs is broad distribution and long-lasting effects (in the order of months) that is not permanent and thus can be ended by terminating treatment. Unlike ASO therapeutics, RNAi-based therapeutics when delivered as an shRNA by AAV can develop non-reversible efficacy, which may be beneficial but also comes with risk since a therapeutic commitment is made. RNAi therapeutics may also be challenging to deliver to the relevant tissues or cell types. However, very few ASO therapeutics have been approved for use in humans. The first approval of an antisense oligonucleotide drug came in 1998 for fomivirsen an RNase H1-stimulating ASO injected into the vitreous of the eye for CMV retinitis [18, 19] . Although formivirsen is seen as an effective drug, it has been discontinued for favor of newer more effective therapeutics for CMV retinitis. Other ASO drugs have now been approved for use in the clinic, and these are discussed in some detail below with emphasis on developing ASOs for neurodegenerative disease.
RNA-targeted vs. RNA-based therapeutics
There is considerable overlap between RNA-targeted therapeutics and RNA-based therapeutics; some examples are provided here. An RNA-targeted therapeutic might be composed of an RNA, such as an siRNA or miRNA, and is therefore RNA-based. But not all RNA-targeted therapeutics are RNA in composition and not all RNA-based therapeutics target RNAs [20] . RNA-based therapeutics are RNAs that can function therapeutically in multiple ways, either by targeting other RNAs or proteins. Antisense oligonucleotides and double-stranded oligonucleotides (siRNAs and shRNAs) that function via the RNAi pathway are usually RNA-targeted. ASOs used clinically are often chimeric with various 2 0 -sugar modifications on flanking bases, and thus are mixmers, or have 2 0 -sugar modifications on all base positions (2 0 -O-methoxyethyl (MOE)), as for nusinersen that does not function by recruiting RNase H1 but instead blocks activity of the spliceosome. There are also other RNA-targeted approaches for altering splicing therapeutically [21] . Other types of RNAbased therapeutics include catalytically active ribozymes [2] , suppresser tRNAs for premature stop codon read-through [22] , long non-coding RNAs [23] , and RNA aptamers [3, 4] . Figure 1 summarizes RNA-targeted approaches to therapy.
Delivery
Oligonucleotide and other RNA targeted therapeutics are in part determined by how therapeutics are taken up by the target tissues, which is dependent also on the therapeutic composition. Here we provide a brief discussion on delivery approaches. Naked delivery of siRNAs has been demonstrated to be effective for localized treatments, including in the eye for age-related macular degeneration [24, 25] , by inhalation for pulmonary disease [7] , and transdermally for various skin conditions [26] . Antisense oligonucleotides are also employed without carriers. The mechanism of ASO uptake is thought to be mediated by endocytosis, and recently the main proteins involved in ASO uptake and cellular distribution have been identified [27, 28] . Naked delivery of siRNA can also be enhanced by co-delivery of a phosphorothiorated oligonucleotide to stimulate the endocytosis pathway [29] . Plasmids encoding siRNAs, miRNAs, or shRNA can be combined with to carriers to increase the stability, efficacy, and cellular uptake of the therapeutic cargo. There are multiple types of carriers for siRNAs and shRNAs. Nanoparticles are promising as carriers for siRNA and shRNA therapeutics for neurodegenerative disorders [30] , including shRNAs targeting a a-synuclein in a mouse model of Parkinson's disease [31] , siRNAs targeting BACE1 and APP in mouse CNS toward treating Alzheimer disease [32] . Nanopartical systems can also be used to deliver siRNAs to CNS targets intranasally [33] . A promising approach for siRNA delivery is next-generation ionizable cationic lipid nanoparticles (LNPs) [34] . LNPs have promising toxicity and immunogenicity profiles and are used for ALN-TTR02, an siRNA-based therapeutic targeting transthyretin for treating familial amyloid polyneuropathy (FAP) [34] . Delivery and distribution of antisense oligonucleotides can also be modified by various carrier approaches including conjugating ASOs to either of N-acetylgalactosamine, octaguanidine dendrimer, or cell-penetrating peptides, or by employing liposomes or nanoparticles [35] . An engineered non-viral gene delivery system made from adenovirus serotype 5 (Ad5) penton capsid proteins can also deliver siRNA cargoes [36] . Ad5 capsids are self-assembling and can be constructed to incorporate ligand properties for cell-specific uptake, demonstrated by the specific uptake of cargoes carried by pentons fused to EGF-like peptides by HER2-positive tumor cells [37] .
Antisense oligonucleotides
ASOs are highly versatile therapeutics that can be designed for modifying gene expression in multiple ways, depending on sequence and chemistry [38] . Strategies for lowering target RNA expression typically employ gapmer ASOs that are phosphorothioates (PS) supporting RNase H1 activity, with further modifications at the 2 0 -sugar positions enhancing binding affinity to the target mRNA (see Fig. 2A for examples of some common ASO modifications). Cleavage of targeted mRNAs by RNase H1 or by RNAi activity supported by ASOs usually results in mRNA elimination by nonsense mediated decay (Fig. 2B) [39] . In addition, nonsense mediated decay as a mechanism for target reduction has also been observed for ASOs that induce exon skipping to alter the target mRNA reading frame [39] . Not all RNA-targeted therapeutics elicit target degradation as for SMN2 splicing correction mediated by the nusinersen ASO, or other approaches that alter mRNA translation. This is the case for the SMN2 ASO because it is fully 2 0 -sugar modified thus it does not support RNAse-H1 function, and the splicing that it elicits does not result in an out-of-frame mRNA. Table 1 presents a selection of ASO therapies for neurodegenerative diseases that have been approved by the FDA or are in development.
ASOs and allelic specificity
Ideally, an ASO therapeutic for treating dominantly inherited disease would specifically target the mutant allele leaving expression of the normal allele intact. However, this can be exceptionally challenging. A large scale ASO screen of the scale needed for identifying highly potent and non-toxic ASOs would be limited by constraining the ASO target sites to those overlapping the specific mutation. The development of an ASO that specifically targets a missense or other type of mutation might lead to partial wildtype allele targeting. However, partial reduction of wildtype allele may be acceptable.
To address this problem in developing an ASO for treating Huntington's disease, ASOs were produced that target HTT premRNA at SNPs in linkage disequilibrium with the mutant allele [40] . Theoretically, this strategy would allow for the treatment of >75% of patients with HD [41] . Despite this promising strategy, ASOs targeting both the wildtype and mutant HTT have also been developed and are being prepared for testing in HD patients [42] . This "non-specific" approach is the strategy that we used for developing ASOs targeting the ATXN2 gene toward producing a treatment for SCA2 [43] . While huntingin is essential for normal cell function since homozygous knockout of HTT is embryonic lethal [44] [45] [46] , mice null for the Atxn2 gene are healthy, fertile, and display no neurodegeneration, but develop obesity [47, 48] . Therefore, ATXN2 knockdown in the CNS may be well tolerated in patients with SCA2. The same reasoning was invoked in the development of an ATXN3 ASO toward developing a treatment for SCA3 [49] . Another approach for treating polyglutamine diseases with ASOs is to target the expanded CAG repeat allele with chemically modified CTG ASOs antisense to the CAG repeats of HTT or ATXN3 [50, 51] .
Off-target effects and cytotoxicity
Assessment of off target effects and cytotoxicity is important in developing ASO therapeutics. These side-effects of ASOs may be sequence-dependent and can also depend on the ASO backbone chemistry. There are multiple ways of assessing ASO offtarget effects, summarized here.
Gliosis: ASOs altering off-target expression may be associated with stimulation of gliosis in the CNS as an indication of cytotoxicity or inflammation. Therefore, in vivo screens for identifying ASOs that do not activate gliosis are useful. This is typically done by assessing for microgliosis or astrogliosis indicated by activation of Aif1 or Gfap, respectively, by qPCR, western blotting, and immunohistochemial staining in the brain and other tissues that may uptake the ASO.
RNA expression analysis: Assessment of off-target RNA expression could be a particularly effective method for assessing ASO specificity. Sequences with close complementarity to the target ASO can be evaluated by qPCR to demonstrate lack of engagement by the therapeutic ASO. For example, in the development of an ASO targeting ATXN2, we confirmed by qPCR that the lead ASO did not alter the expression of the closely homologous ATXN2L mRNA [43] . Transcriptome analysis can also be employed for identifying off-targets. One effective approach is to treat mice null for the target gene to detect offtarget hybridization in the complete absence of the target mRNA.
Protein binding: Exogenous ASOs can interact with various RNA or DNA binding proteins stimulating a host defense response. Reviewed by [52] , ASOs can interact with defense-response proteins resulting activation of innate immunity and complement systems, and ASOs can interact and deactivate coagulation factors associated with clearance of infectious agents.
ASO chemistry and off-targets. The spectrum of off-targets can also be related to ASO chemistry. For an ASO gapmer with homologies to unwanted RNA target sites there is the possibility for RNase H1 recruitment and degradation of the off-target mRNAs. However, an ASO that is modified at all 2 0 sugar positions such as nusinersen is not expected to support RNase H1 activation, while such an ASO may alter the off-target expression in other ways including RNA translation and stability. Therefore, in vivo screening for off target effects might be more challenging for gapmer ASOs vs. those that are modified at all 2 0 sugar positions.
ASO treatment strategy for neurodegenerative disease
Overall there are relatively few ASO-based therapeutics that are FDA approved. Ionis Pharmaceuticals presently has three that are approved for use by the FDA. These include two that treat non-neurodegenerative diseases, mipomersen targeting APOB for treating homozygous familial hypercholesterolemia and alicaforsen targeting ICAM-1 for pouchitis, and nusinersen for spinal muscular atrophy which represents one of the first ever disease modifying therapeutics for a neurodegenerative disorder.
One challenge for treatment of neurodegenerative diseases is that ASOs do not cross the blood brain barrier. However, they are able to reach targets throughout the CNS when delivered intrathecally [53] . While the chemical modifications made to ASOs used therapeutically protect them from nucleases, the modified ASOs do remain susceptible to reduced biological efficacy over time. The biological half-life of ASOs is in part dependent on the chemical modification. When delivered to CSF, phosphorothioates that are 2 0 -MOE modified at all positions have been observed with biological half-lives up to 6 months and may be detected in CNS after 1 year of treatment [53, 54] , while gapmer ASOs typically have shorter half-lives [42] .
Current state of ASO development for neurodegenerative disease
Spinal muscular atrophy: Nusinersen for spinal muscular atrophy is likely the most intriguing of all the ASO therapeutics targeting neurodegenerative diseases since it is among the first ever disease modifying therapeutics for a neurodegenerative disease that has been approved by the FDA. SMA a familiarlyinherited recessive early-onset neurodegenerative disorder characterized by progressive loss of motor neurons, caused by loss of function mutation in the SMN1 gene and resultant loss of the survival motor neuron protein. The SMN2 gene is nearly identical to SMN1, with the difference resulting in exclusion of exon 7. Nusinersen is a splice switching oligonucleotide (SSO) targeted to SMN2 that blocks an intronic splicing silencer (ISS) element in SMN2 preventing exon 7 exclusion, resulting in the expression of the functional, full-length survival motor neuron protein from SMN2. In preclinical work, the therapeutic strategy proved remarkable for restoring the tail and ear necrosis phenotypes of Smn1 ¡/¡ ; SMN2 +/+ mice [54] . Pharmacokinetic analysis verified the candidate ASO with widespread CNS distribution after intrathecal administration in rodents and nonhuman primates without activation of gliosis markers [53] . Phase I clinical trial showed that the therapeutic strategy was well tolerated in patients with type II and III SMA [55] . In Phase II an open-label study of patients with type I SMA demonstrated improved Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP-INTEND) scores for drug treated children compared to placebo [56] . On December 23, 2016, nusinersen (Spinraza) became the first FDA approved drug for the treatment of SMA [57] .
SOD1 Amyotrophic Lateral Sclerosis: An ASO strategy for treating SOD1 ALS is presently under development. Mutations [49] in SOD1 account for approximately 10% of all familial ALS cases and reducing the abundance of the toxic SOD1 protein is hypothesized to be beneficial for these patients with SOD1 ALS and the strategy may be effective for treating sporadic ALS cases as well [58] . Preclinincal testing demonstrated widespread uptake in transgenic SOD1 G93A rats for SOD1 ASO (ISIS 333611) delivered to CSF, and target engagement [59] . Phase I clinical testing included a randomized placebo control study of SOD1 ALS patients demonstrated no toxicities and no serious adverse events for up to 3 mg ISIS 333611 infused to CSF [60] . However, the Phase I trial of ISIS 333611 did not reduce the abundance of the mutant SOD1 protein, and phase I clinical trials are now ongoing using a reformulated version of the SOD1 ASO (BIIB067 or IONIS-SOD1Rx) [61] .
C9ORF72 Amyotrophic Lateral Sclerosis/frontotemporal dementia (FTD): C9ORF72 ALS is caused by a GGGGCC repeat expansion in intron 1 of the C9ORF72 gene [62, 63] . Repeat expansion in C9ORF72 results in repeat associated non-AUG (RAN) translation in six reading frames, and aggregation of C9ORF72 mRNA in nuclear foci [64] [65] [66] . Targeting of expanded C9ORF72 in neurons differentiated from patientderived induced pluripotent stem cells (iPSCs) using ASOs targeting the expanded repeat reduced toxic RNA aggregations, rescued the expression of five genes associated with C9ORF72 mutation, and rescued glutamate excitotoxicity, without lowering the abundance of the C9ORF72 mRNA [67] . Another study that used ASOs to target expanded C9ORF72 in ALS/FTD patient derived fibroblasts was unable to demonstrate rescue of gene expression characteristic of disease determined by transcriptome analysis, and concluded that the result was likely due to targeting of only the sense C9ORF72 strand [68] . However, the strategy of targeting C9ORF72 in mice proved to be effective for improving ALS phenotypes and well tolerated. Lowering nonmutant mouse C9orf72 using an ASO strategy did not result in ALS-related phenotypes (locomotion, anxiety, coordination, grip strength) [68] , while targeting expanded human C9ORF72 expressing 450 repeats in a BAC C9ORF72 mouse model with an ASO improved anxiety and cognitive function/learning and memory-related phenotypes of ALS (marble burying, and three maze tests) [69] . This established proof-of-concept for targeting C9ORF72 in ALS in future clinical research.
Alzheimer's disease/tauopathies: Elevated tau expression is characteristic of multiple neurodegenerative disease including Alzheimer's disease (AD), FTD, and others, resulting in pathological aggregates known as neurofibiliary tangles. When delivered by ICV injection, an ASO targeting the mouse microtubule associated protein tau gene Mapt was effective for lowering tau abundance throughout the CNS without altering multiple behavioral readouts [70] . The study also demonstrated that reduction of tau expression by the ASO could protect against picrotoxin-induced seizures using EEG recordings to determine hyperexcitability-related spike frequencies, and pentylenetetrazole-induced seizures recorded using a videotape system [70] . In a second study the same group of investigators evaluated a tau ASO in a mouse model expressing human tau with a P301S mutation (PS19) [71] . Treatment of 9-month-old PS19 mice resulted in reduced total and phosphorylated tau, reduced neuronal tau aggregations in the piriform cortex, and reduced loss of hippocampal neurons. Tau ASO also significantly lengthened survival of PS19 mice from 312 to 348 days (median survival) [71] . Finally, a single intrathecal bolus of tau ASO in cynomolgus monkeys resulted in significant tau reduction in multiple CNS tissues evaluated at 6 wks post treatment [71] . ASOs for Alzheimer's disease are also in development that target the apolipoprotein E (APOE) gene, and have promise for improving learning and memory readouts in AD mice (TgCRND8 mice harboring mutant human APP695) [72] .
Huntington Disease: HD is caused by a CAG repeat expansion in an encoded region of the HTT gene beginning at the 18 th codon, resulting in a gain of toxic function with a loss-offunction playing a potential role. Discussion on the preclinical development of an ASO targeting HTT expression was provided above in the section entitled ASOs and Allelic Specificity. A phase I/II double-blind placebo controlled clinical trial for testing of IONIS-HTTRx (ISIS 443139), a second generation gapmer HTT ASO, is now ongoing (clinicaltrials.gov).
Spinocerebellar ataxia type 2: Spinocerebellar ataxia type 2 is caused by a CAG repeat expansion in an encoded region located in exon 1 of the ATXN2 gene. Beginning with 152 ASOs targeting ATXN2, we performed in vitro screening followed by in vivo by treating SCA2 mice transgenic for ATXN2 by ICV injections of ASOs, leading to the identification of ASO7. ASO7 lowered ATXN2 expression in SCA2 mouse cerebella by >60 percent for up to 13 wks treatment, and did not activate markers of gliosis. We then tested ASO7 in SCA2 mouse trials using two models, including Pcp2-ATXN2-Q127 transgenic mice with ATXN2 expression driven by the Purkinje cell protein 2 (Pcp2) promoter for strong expression in Purkinje cells, and BAC-ATXN2-Q72 mice that have ATXN2 driven by its own promoter which may be more "SCA2-like". We demonstrated that the expression of six genes that we had previously shown were reduced in the cerebella of SCA2 mice [73] were restored after treatment with ASO7 [43] . We also showed that the rotarod motor phenotypes of SCA2 mice were delayed, and that the intrinsic Purkinje cell firing frequency was normalized by ASO7 treatment [43] . Example data from our study for Pcp2-ATXN2-Q127 treated with ASO7 are presented in Fig. 3 . These findings were replicated in both SCA2 mouse models. The robust modification of SCA2 mouse molecular, motor, and neurophysiological phenotypes by ASO7 provided robust proof-of-concept supporting ongoing additional preclinical testing that we expect will result in a reformulated lead ASO suitable for clinical trial for SCA2.
Targeting the ATXN2 gene may also be an effective therapeutic strategy for treating TDP-43 ALS. By performing a screen for genes modifying Tdp-43 toxicity in yeast, Aron Gitler's group discovered yeast null for Atxn2 had improved survival. Sequencing of the ATXN2 gene in ALS patients revealed that intermediate CAG repeat expansions in ATXN2 increased the risk for ALS [74] . This suggested that targeting normal ATXN2 might be therapeutic for ALS. As proof-of-concept, Gitler's group then performed a genetic interaction study by crossing TDP-43 transgenic mice with our Atxn2 knockout mice demonstrating mice null for Atxn2 had significantly improved survival in a dose dependent manner: mice null for both Atxn2 alleles had improved survival by tens of days, while those null for both Atxn2 alleles had survival extended by hundreds of days [75] . Next the group showed that TDP-43 mice treated with an ASO targeting Atxn2 also had significantly improved survival much like TDP-43 mice null for Atxn2 [75] . Reduction of Atxn2 expression also improved gait scores and reduced TDP-43 inclusions [75] .
Duchenne muscular dystrophy: DMD is an X-linked recessive disorder caused by mutation in the DMD gene encoding dystrophin, the largest known gene in the genome. A subset of DMD mutations cause dystrophin truncations. For some of these, the exclusion of exon 51 predicts dystrophin proteins with long open reading frames, but with partially impaired function related to the excluded exon. Eteplirsen is a morpholino-based ASO that interacts with the DMD pre-mRNA at exon 51 causing exon 51 exclusion [76] . It was approved by the FDA for DMD in 2016. Approximately 14% of DMD cases may be treatable by this strategy [77] .
Concluding remarks
Few RNA-targeting therapeutics have been approved by the FDA, and there are only a handful for use in human neurodegenerative disease, including nusinersen and eteplirsen. These successes show that we are at a new horizon in the development of well-tolerated drugs effective for treating neurological disease. A strong outlook is also supported by promising new preclinical and clinical trial outcome data for RNA-targeted therapeutics with CNS activities.
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